Extension of Long Leading Processes and Neuronal Migration in the Mammalian Brain Directed by the Chemoattractant Netrin-1  by Yee, Kathleen T et al.
Neuron, Vol. 24, 607±622, November, 1999, Copyright 1999 by Cell Press
Extension of Long Leading Processes
and Neuronal Migration in the Mammalian Brain
Directed by the Chemoattractant Netrin-1
migrate from the SVZ into the olfactory bulb (Luskin,
1993; Luskin and Boone, 1994; Lois et al., 1996).
The dorsal rhombencephalic neuroepithelium (DRN),
located at the lateral recess of the fourth ventricle on
the dorsal surface of the hindbrain, is a source of several
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tangentially migrating cell populations, including neu-²Department of Anatomy and
rons of the external germinal layer of the cerebellum,Department of Biochemistry and Biophysics
inferior olive and basilar pons, the latter of which is theHoward Hughes Medical Institute
focus of this study. Roughly 1 day after their generationUniversity of California, San Francisco
in the DRN (embryonic day 12±16 [E12±E16] mouse,San Francisco, California 94143
Taber-Pierce, 1966; E16±E19 rat, Altman and Bayer,
1987; see Figure 1), basilar pontine cells migrate circum-
ferentially beneath the pia along an anteroventral courseSummary
to the ventral midline (Essick, 1912; Rakic, 1985) in the
absence of any glial guides (Ono and Kawamura, 1990).Long distance cell migration occurs throughout the
While early studies proposed that cues for neuronal mi-developing CNS, but the underlying cellular and mo-
gration are present on neighboring neurons, to datelecular mechanisms are poorly understood. We show
there has been relatively little characterization of tan-that the directed circumferential migration of basilar
gential migration and the molecules that direct it. Apontine neurons from their origin in the neuroepi-
graded distribution of neural cell adhesion moleculethelium of the dorsal hindbrain to the ventral midline
(NCAM) in the migratory stream (ms) has been reportedinvolves the extension of long (.1 mm) leading pro-
(Ono et al., 1992), but its role in pontine cell migrationcesses, which marker analyses suggest are molecu-
has not been elucidated. Interestingly, the embryoniclarly distinct from axons. In vivo analysis of knockout
form of NCAM is expressed on SVZ cells as they migratemice implicates the axonal chemoattractant netrin-1,
out into the olfactory bulb (Rousselot et al., 1995) andfunctioning via its receptor Deleted in Colorectal Can-
may reflect a general correlation between NCAM ex-cer (DCC), in attracting the leading process to the
pression and tangentially migrating cells.ventral midline. Direct evidence for this chemoattrac-
Descriptions that pontine nuclei are absent in netrin-1tant mechanism is provided, using explant cultures
and Deleted in colorectal cancer (Dcc) mutant mice andand time-lapse analysis in vitro. Our results demon-
the expression of netrin-1 along the ventral neuraxis upstrate the attraction of migrating neurons in the
through the diencephalon (Kennedy et al., 1994) impli-mammalian brain by an axon guidance molecule and
cate the involvement of this secreted protein and itsthe chemotactic responsiveness of their leading pro-
receptor, DCC, in the formation of these ventral mid-cesses.
line structures. Netrin-1 and its homologs, a family of
laminin-related proteins, function as chemoattractants
and chemorepellents for axons (reviewed by Tessier-Introduction
Lavigne and Goodman, 1996; Culotti and Merz, 1998),
and loss-of-function mutants show defects in directed
A critical phase in nervous system development is the
axonal outgrowth in mice (Serafini et al., 1996), Drosoph-
migration of cells, often over long distances, from their
ila (Harris et al., 1996; Mitchell et al., 1996), and Caeno-
place of origin to their mature position. Guidance along rhabditis elegans. Interestingly, detailed genetic studies
radial glia is a common mechanism for the formation of in C. elegans have implicated the netrin UNC-6 in the
laminated structures, such as the cerebral cortex and migration of mesodermal cells (Hedgecock et al., 1990;
the cerebellum (reviewed by Hatten, 1999). In general, see Discussion). Defects in the development of the pon-
radial glial cells, transiently attached to the ventricular tine nuclei in netrin-1 and Dcc knockout mice (Serafini
and pial surfaces, express cell adhesion molecules (see et al., 1996; Fazeli et al., 1997), and of the inferior olive
review in Rakic et al., 1994) and act as guides for postmi- in netrin-1 mutant mice (Bloch-Gallego et al., 1999), indi-
totic cell migration from the neuroepithelium to their cate a possible involvement of netrin-1 in neuronal cell
correct laminar position. Glial-directed neuronal migra- migration. These studies have suggested that netrin-1
tion has been well studied, but relatively less is known may have an evolutionarily conserved role in directing
about a distinct mode of migration that occurs tangential cell migration, as it does in axon guidance, but were not
to the pial surface and includes luteinizing hormone- able to exclude the possibility that the defects arose
releasing hormone± (LHRH-) positive olfactory placode only secondarily, as a result of earlier defects in axonal
cells (Norgren and Lehman, 1991), cortical interneurons migration.
(De Carlos et al., 1996; Anderson et al., 1997; Tamamaki To begin to elucidate the mechanism(s) by which pon-
et al., 1997), neurons in the cerebral cortical subventricu- tine cells migrate from their site of origin to the ventral
lar zone (SVZ; O'Rourke et al., 1997), and neurons that midline, we performed a series of in vitro and in vivo
studies. Anatomical tracing methods and specific mark-
ers were used to characterize the population of migrat-³ To whom correspondence should be addressed (e-mail: dennis_
oleary@qm.salk.edu). ing cells. Tissue culture studies, in combination with
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Figure 1. Schematics of Pontine Cell Migration
Pontine cells generated in the DRN migrate laterally around the hindbrain, along the ventral surface, and settle adjacent to the midline (A±C).
Arrows indicate direction of migration in the pontine ms, and arrowheads indicate direction of pontine axon extension within the mcp.
time-lapse videomicroscopy, were used to show that nascent pontine nuclei adjacent to the midline (Figures
2G and 2I).leading processes of the migrating cells are responsive
to a diffusible cue from the floor plate, the midline struc-
ture that they migrate toward, and that netrin-1 is suffi- Characterization of TAG-1-Positive Migratory
cient to mimic this activity in vitro. Expression data impli- Pontine Cell Processes
cate the involvement of netrin-1 and Dcc based on their Since TAG-1 has been shown to be localized to netrin-
spatial and temporal patterns during the period of pon- 1-responsive commissural axons (Kennedy et al., 1994;
tine cell migration. Our results provide direct evidence Serafini et al., 1996; Shirasaki et al., 1996) and is ex-
for a chemoattractant action of an axon guidance mole- pressed by migrating pontine cells (Figures 2F±2I), we
cule on migrating neuronal cells and demonstrate that expected that the migratory processes would be axonal
long leading processes of migrating neurons are capa- in nature. Interestingly, none of the neuronal markers
ble of chemotactic responses. used, including growth-associated protein 43 (GAP-43),
a molecule expressed by immature axons (McGuire et
al., 1988; Dani et al., 1991), were found on or withinResults
the leading processes of migrating pontine cells (Fig-
ures 3A±3C and 3G±3I; Table 1). Antibodies for threeLeading Processes of Migrating Pontine Cells Extend
Long Distances Subpially around the Hindbrain other axonal markers, microtubule-associated protein±2
(MAP-2), neurofilament 200 (NF200), and class III b-tubu-Ono and Kawamura (1990) have shown that migrating
pontine cells extend a leading process in the direction lin (TuJ1), immunostained other fine caliber processes
coursing over the ventral surface of the developing ponsof their migration, but they were not able to assess
the length of individual processes. 1,19-dioctadecyl- that do not resemble the large caliber TAG-11 pro-
cesses; these are likely to represent the axons of the3,3,3939-tetramethylindocarbocyanine perchlorate (DiI),
focally injected lateral to the developing basilar pons middle cerebellar peduncle (mcp).
Since none of the common axonal markers were ex-(Figure 2A), retrogradely labels a small number of cells
and their processes, located circumferentially beneath pressed in the leading processes of migrating pontine
cells, we considered that the TAG-11 processes mightthe pial surface, dorsocaudal to the injection site (Fig-
ures 2B, 2B [inset], and 2C). The labeled leading pro- be of glial origin. Glial processes are found rostral and
caudal to the developing basilar pons (Bastmeyer et al.,cesses can be several hundreds of microns in length.
Anterograde tracing of leading processes with injections 1998) but have a morphological distribution distinct from
TAG-11 pontine leading processes and are likely to rep-of DiI into the DRN labeled processes that extend to,
and in some cases, beyond, the ventral midline (Figures resent the endfeet of radial glia and astrocytes. Glial
markers, including S-100 (Figure 3J), glial fibrillary acidic2D and 2E), confirming the extended nature of these
processes, which can be over a millimeter in length. protein (GFAP; Figure 3K), vimentin (Figure 3L), and RC2
(data not shown), show immunoreactivity along the ven-The processes in the ms could also be visualized by
immunostaining with an antibody to TAG-1 (transiently tral midline and as punctate spots surrounding the body
of the developing basilar pons but show no resemblanceexpressed axonal surface glycoprotein±1; Wolfer et al.,
1994). A transverse section through the basilar pons to TAG-11 processes.
We also examined the distribution of two cell adhesionshows TAG-1 immunoreactivity in a thin band adjacent
to the pial surface (Figure 2F) and coincides with the molecules, L1 and NCAM, in relation to the pontine ms.
In the spinal cord, netrin-1-responsive commissural ax-region where DiI-labeled processes were observed
(Figures 2B and 2C). Whole-mount staining labeled a ons express TAG-1 as they approach the midline, and
L1 after they cross it (Dodd et al., 1988). In the hindbrain,fascicle of cells and processes extending laterally from
the immunoreactive DRN (Figure 2H) and coursing L1 expression is seen in processes dorsally, immediately
adjacent to the DRN and in the axons of the mcp near thearound the trigeminal ganglion (Figures 2G and 2I). Ven-
trally, the TAG-11 processes fan out as they reach the cerebellum (Figure 3D); however, no L1 immunostaining
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Figure 2. Leading Processes of Migrating Pontine Cells Extend Long Distances Beneath the Pial Surface of the Hindbrain
Focal DiI injection (asterisk) positioned lateral to the developing basilar pons (BP) labels processes that extend into the forming basilar pons
(E18 rat); arrowhead denotes midline (A). The circumferential restricted band of DiI labeling extends dorsocaudally, revealing retrogradely
labeled cells (B, C, and B, inset; [B, inset] represents a confocal image of [B]). DiI injections into the DRN (D) anterogradely label leading
processes of migrating pontine cells (E) that extend to the ventral midline (arrowhead), including some that cross the midline. A transverse
section shows TAG-1 immunoreactivity in the ms (E18 rat, [F]). Whole-mount hindbrain specimens show TAG-1 localization along the entire
route of migrating basilar pontine cells (E18 rat shown)Ðin the DRN (H), laterally in the fasciculated bundle of leading processes and cell
bodies of the ms (I), and ventrally on processes that extend into the basilar pons (G). TAG-1 is also localized on axons of the mcp. The region
isolated for DRN explants is shown with dashed lines (H). Scale bar, 200 mm (A, E, and F); 100 mm (B, inset and C); and 500 mm (D and G±I).
was detected in migrating pontine leading processes Cells from the Dorsal Rhombencephalic
Neuroepithelium Migrate toward theon the lateral or ventral surfaces of the hindbrain. We
also wanted to assess whether NCAM might be ex- Floor Plate and Netrin-1 In Vitro
Since the migration of pontine cells is directed from thepressed on TAG-11 processes, since its graded expres-
sion was previously reported in the pontine ms (Ono et dorsal aspect of the hindbrain to the ventral midline, we
hypothesized that a diffusible molecule released fromal., 1992). We were unable to specifically localize NCAM
on the leading processes of pontine cells, but in agree- the midline may be involved in guiding these cells. To
investigate this possibility, we carried out a series of inment with previous findings, we do find NCAM expres-
sion in the ms (Figure 3E). vitro experiments by coculturing DRN explants with floor
Neuron
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Figure 3. Molecular Characterization of Leading Processes
Whole-mount immunostaining of E17 (A±C), E18 (D±F), and E20 (G±L) rat hindbrain. Except for TAG-1 (F), none of the known axonal markers
usedÐNF200 (G), SMI 311 (H), TuJ1 (C and I), MAP-2 (A), GAP-43 (B), Tau-1, or SNAP-25 (data not shown; Table 1)Ðare expressed on pontine
leading processes. Glial markers employedÐS-100 (J), GFAP (K), vimentin (L), and RC2 (data not shown; Table 1)Ðalso show no staining of
the pontine leading processes. L1 (D), NCAM (E), and neurocan (data not shown; Table 1) are also not localized on pontine leading processes
as they course into the basilar pons, but L1 expression is localized on the processes of migrating pontine cells in the dorsal hindbrain, ventral
to the DRN (D). Asterisk denotes developing basilar pons. Scale bar, 500 mm.
plate. In these experiments, a roughly radial distribution (tectum; Figures 4B and 4F). To differentiate cell bodies
from processes, cultures were labeled with the nuclearof cells is observed surrounding DRN explants when
cultured alone (data not shown) or with control tissue dye bisbenzimide to identify unambiguously cell bodies
Table 1. Summary of Marker Analysis of the Pontine Migratory Stream
Protein Specificity Expression Migratory Stream
DCC migrating pontine cells (mpc) 1 1
Tau-1 neuronal 1 2
NF200 neuronal 1 2
SMI 311 neuronal 1 2
TuJ1 neuronal 1 2
GFAP glial 1 2
S-100 glial 1 2
vimentin glial 1 2
Pax-6 mpc 1 1
MAP-2 neuronal/dendritic, axonal 1 2
GAP-43 neuronal 1 2
RC2 glial 1 2
SNAP-25 neuronal 1 2
4D7/TAG-1 neuronal/axonal (?), mpc 1 1
IC12/TAG-1 neuronal/axonal (?), mpc 1 1
neurocan (TAG-1 ligand) ECM 1 deep pons (only)
NCAM (TAG-1 ligand) cell adhesion molecule 1 1
L1 cell adhesion molecule 1 dorsal migratory stream
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Figure 4. Cells from Dorsal Rhombencephalic Neuroepithelium Migrate toward the Floor Plate and Netrin-1 In Vitro
Cells from DRN explants show more migration toward the floor plate (FP; [A]; 88% of cases, [F]) than toward control explants (tectum, [B];
25% of cases, [F]). Cells from DRN explants also show more migration toward 293 cells stably transfected with netrin-1 ([C]; 69% of cases,
[G]) compared with control 293 cells ([D]; 21% of cases, [G]). Cells directed toward a source of netrin-1 often associate with other migrating
cells in fascicles; boxed regions shown at higher magnification in insets (A). Bisbenzimide staining of the cocultures (A9±D9), shown in phase
contrast (A±D), clearly demonstrates the bias of cell migration toward a source of netrin-1 (A9 and C9). The cell-sparse region on the proximal
side of the DRN (C and C9) was atypical of cultures and reflects the fact that the DRN explants are not completely isotropic, since it was not
possible to exclude tissue immediately ventral to the thin neuroepithelium. Schematic shows bisected DRN used for scoring of cell migration
(E). The bias of cell migration from DRN explants cocultured with floor plate seen in the presence of preimmune serum (66% of cases) was
abolished in the presence of netrin-1-blocking antibody (15% of cases, [H]). Scale bar, 200 mm.
(Figure 4B9). In contrast to control conditions, the majority used in our cultures, and cell migration was not altered
by the presence of floor plate tissue (data not shown).of cells migrating from the DRN are directed toward the
floor plate (Figures 4A, 4A9, and 4F; x2, p 5 0.0004) and The skewing of cell distribution toward the floor plate
was strongly suggestive of a chemoattractant effect ofoften form cell fascicles densely decorated with cell
bodies (Figures 6A and 6B). The effect of the floor plate the floor plate. A reduction in the number of migrating
cells on the distal side was not likely to have resultedappeared to be specific to cells in the DRN, since few
cells migrated from explants of dorsal hindbrain tissue from cell death, since we saw virtually no dying cells
in these explants (TdT-mediated dUTP-fluorescein nicktaken immediately caudal to the DRN region normally
Neuron
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Figure 5. Tandem Cocultures Confirm Tropic
Effect of Floor Plate on Migrating Pontine
Cells
Two DRN explants cocultured for 48 hr at
different distances from a floor plate explant;
all points of the far DRN (fDRN) are farther
away from the floor plate than any point of
the near DRN (nDRN). Cell migration from the
proximal side of the far DRN is greater than
the amount of cell migration from the distal
side of the near DRN. Scale bar, 250 mm.
end labeling; data not shown). A further confirmation of 0.0003). Thus, these findings show that netrin-1 can
mimic the effect of floor-plate cells in directing cell mi-the directional nature of the effect comes from ªtandem
coculture experiments,º like those used previously to gration and that netrin-1 function is required for the
effect of floor-plate cells.demonstrate directionality of axon guidance (Lumsden
and Davies, 1983; Ebens et al., 1996). In these experi-
ments, two DRN explants were cocultured opposite a
floor-plate explant at different distances (Figure 5). The Floor Plate and Netrin-1 Attract the Leading
Processes of Pontine Neuronsamount of cell migration on the proximal side of the far
DRN was significantly greater than the amount of cell To examine which aspects of pontine cell migration are
regulated by the floor plate and netrin-1, we focused onmigration on the distal side of the near DRN (average
ratio 5 2.4, n 5 5, paired t test, p 5 0.003), even though individual cells and their leading processes. In the first
series of experiments, time-lapse videomicroscopy wasit was presumably exposed to less factor secreted from
the floor plate. This result argues against the concentra- used to study the migration of cells on the proximal
side of DRN explants cocultured with floor plate. In thetion of factor being the important determinant, as would
be expected if it functions simply to alter the outgrowth, presence of preimmune serum or no supplement, lead-
ing processes extend in a steady, directed manner to-proliferation, or survival of cells (i.e., if it has a ªtrophicº
effect), and instead argues that cells are migrating up ward the floor plate (Figure 6C); reverse and random
movements were not observed. In contrast, leading pro-a gradient (i.e., that the factor has a ªtropicº effect).
The absence of pontine nuclei in netrin-1 and Dcc cesses, in the presence of netrin-1-blocking antibody,
were more exploratory in nature and often reversed theirmutant mice prompted us to examine whether netrin-1
contributed to the floor-plate activity directing pontine extension away from the floor plate or initially extended
away from it (Figure 6C9). Regardless of the direction ofcell migration. To address this, we first cocultured the
DRN with netrin-1-expressing 293 cells; migrating cells leading process extension, cell body translocation in
these processes was still observed. Tightly adherentfrom DRN explants show a similar preference of direc-
tion toward the source of netrin-1 (Figures 4C, 4C9, and cell fascicles often dissociated and may explain the ab-
sence of large cell fascicles in cocultures supplemented4G; x2, p 5 0.00003) as toward the floor plate. Control 293
cells do not induce a similar directionality of migration with netrin-1-blocking antibody (data not shown). Over-
all, the rates for leading process extension and cell body(Figures 4D, 4D9, and 4G). Furthermore, when DRN ex-
plants were cocultured with floor plate in the presence movement are slower in cultures with netrin-1-blocking
antibody (Figures 6E9 and 6F9) compared with coculturesof netrin-1-blocking antibodies (MeÂ tin et al., 1997), the
directionality of the migration observed in the presence with preimmune serum or no supplement (Figures 6E
and 6F).of preimmune serum was abolished (Figure 4H; x2, p 5
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Figure 6. Floor Plate and Netrin-1 Attract the Leading Processes of Pontine Cells
Time-lapse imaging of cell migration from DRN explants cocultured with floor plate in three-dimensional collagen gels. Migrating cells
(arrowheads) extend leading processes (arrows) and often form fascicles (A and B). Line drawings are shown of cell morphology changes in
cultures supplemented with preimmune serum (10 mg/ml, 9 hr, [C]) or netrin-1-blocking antibody (10 mg/ml, 10 hr, [C9])Ðcell positions at time 5 0
(t0), relative to the DRN and floor plate ([D] and [D9], respectively). With preimmune serum, this cell extends its leading process toward the
floor plate, the cell body translocates through a portion of it, forming a transient short thin trailing process (C), the leading process extends
again, and the cycle continues. Rates of cell body movement (E and E9) and leading process extension (F and F9) are plotted for each of the
cases examined; the two values can be cross referenced by case number. Red bars below zero indicate movement backward or away from
the floor plate; more backward movement occurred in the presence of netrin-1 antibody. No bar for process extension indicates that data
are not available. In the presence of netrin-1-blocking antibody, rates of cell body movement and leading process extension are slower (E9
and F9) than with preimmune serum or no supplement (E and F), and cells show a difference in the angle of process extension. The cell shown
in (C9), positioned at a steeper angle, away from the floor plate at t0, changed its angle of extension by 1108, such that the process extended
nearly 1808 away from the floor plate, with a net angular change of 308 away from the floor plate. Scale bar, 25 mm (A and B) and 100 mm (C
and C9).
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The ability of the floor plate and netrin-1 to orient
leading processes was further studied in a second set
of experiments in cocultures of DRN and floor plate
or netrin-1-secreting cells. For these experiments, we
focused exclusively on isolated cells; the orientation of
their leading processes was scored as either toward or
away from the source within sampling regions on the
proximal and distal sides of each DRN explant. In experi-
ments using control 293 cells as a source, virtually all
(98%) leading processes on the proximal side pointed
toward the source, whereas almost none (1%) did so
on the distal side (Figure 7; Table 2). This distribution
of leading processes reflects the fact that the migration
of cells in control cultures is roughly radial so that lead-
ing processes are oriented away from DRN explants. In
contrast, when DRN explants were cultured with cells
secreting netrin-1 or with floor plate, a large fraction of
the leading processes on the distal side were oriented
toward the netrin-1 source (z30%), and those on the
proximal side continued to show the same orientation
(z97%±99%) (Figure 7; Table 2). The orienting effect of
the floor plate on leading processes was abolished on
the distal side and diminished on the proximal side in
the presence of antibodies against netrin-1 (Figure 7;
Table 2). Taken together, these results demonstrate that
netrin-1 acts on leading processes to direct their trajec-
tory of extension.
Although we have not performed an extensive molec-
ular characterization of the leading processes, we have
found that they contain tubulin (tubulin antibody; data
not shown), consistent with the observation of microtu-
bules in these processes in vivo (Ono and Kawamura,
1990), and filamentous actin (tetramethylrhodamine B
isothiocyanate± [TRITC-] phalloidin) throughout their
length (data not shown). In preliminary experiments, we
found that incubation with pharmacological agents that
disrupt the actin cytoskeleton (cytochalasin B) or micro-
tubules (nocodazole) causes partial retraction of the
leading processes in vitro (time-lapse videomicros-
copy), but many processes do not retract, and new ones
can also form (data not shown).
Figure 7. Netrin-1 Orients the Leading Processes of Pontine Cells
Migrating cells located on the distal and proximal sides of DRNnetrin-1 Is Expressed at the Midline in the Hindbrain,
explants cocultured with floor plate in the presence of preimmuneand Migrating Pontine Cells Express Dcc serum (A±D) and netrin-1-blocking antibody (F±I) tend to extend
Since we demonstrate that netrin-1 is sufficient to direct leading processes radially away from the DRN; cell processes on
the extension of leading processes of migrating pontine the distal side of the DRN extend away from the floor plate (toward
the left, as shown here, [B, F, and G]), and cell processes on thecells in vitro, and netrin-1 mutant mice (Serafini et al.,
proximal side extend toward the floor plate (toward the right, as1996) lack basilar pontine nuclei (compare Figure 8A
shown here, [C, D, H, and I]). In the presence of preimmune serum,with Figure 8B), we wanted to extend the findings of
migrating cells on the distal side of the DRN show a mixed response,Kennedy et al. (1994) to determine the expression pat- and some orient their leading processes toward the floor plate;
terns of netrin-1 in relation to the pontine ms. In situ note processes directed (bottom arrowhead) and reoriented (top
hybridization shows that netrin-1 is expressed as a con- arrowhead) to the right, toward the floor plate (A). Directed leading
process extension toward the floor plate on the distal side of thetinuous band at the midline throughout the hindbrain,
explant is abolished in the presence of netrin-1-blocking antibodiesincluding the region at the level of the pontine flexure,
(F and G). Arrows indicate growth cones at tips of leading processeswhere the basilar pons will later form (E14 mouse shown,
(A and I). Scale bar, 300 mm.Figure 8D; rat data not shown); transverse sections
through this region show that netrin-1-expressing cells
are localized to the midline in the floor of the fourth pons begin to express netrin-1 and provide an additional
source at the ventral midline (data not shown).ventricle and extend processes toward the ventral pial
surface (Figure 8E). Netrin-1 is expressed along the mid- Since mutant mice deficient for Dcc, a netrin-1 recep-
tor (Fazeli et al., 1997), also lack basilar pontine nucleiline throughout the period of pontine cell migration. Our
data also indicate that while the pontine ms does not (compare Figure 8A with Figure 8C), we investigated its
expression in the ms. Dcc transcript is localized withinexpress netrin-1 mRNA, the cells that settle in the basilar
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at the ventrolateral border and fail to extend furtherTable 2. Summary of Quantitation of Leading Process Extension
toward a Source of Netrin-1 toward the ventral midline. Coincident with TAG-1 ex-
pression, Pax6 is expressed in the DRN (Figures 11ADistal Proximal
and 11B) and, laterally, in the ms (Figures 11A9 and 11B9)
1 Preimmune serum (n 5 7) 31% 6 4.5% 97% 6 1.7% in wild-type, netrin2/2 mice, and Dcc2/2 mice. Unlike their
1 Netrin-1-blocking antibody 1% 6 0.7% 81% 6 5.8%
littermates, in which Pax6 expression is observed adja-(n 5 7)
cent to the ventral midline at the position of basilarp values 0.0003 0.020
pontine formation (Figures 11A99 and 11C), in the null
Netrin-1-producing 293 cells 30% 6 9.1% 97% 6 1.4% mutants ectopic clusters of Pax61 cells are found on
(n 5 6)
the ventrolateral surface of the hindbrain (netrin-12/2,Control 293 cells (n 5 6) 1% 6 0.6% 98% 6 0.8%
Figure 11B″; Dcc2/2, Figure 11D) at sites that correspondp values 0.011 0.612
to the location of stalled TAG-11 leading processes in
Data are represented as a percentage 6 SEM. Top panel, DRN and
netrin-12/2 mice (compare Figure 10B″ with Figure 11B″).floor plate cocultured in the presence of preimmune serum or netrin-
These findings indicate that the migration defect of1-blocking antibody; bottom panel, DRN cocultured with either ne-
basilar pontine cells in netrin-1 and Dcc null mutants istrin-1-producing 293 cells or control 293 cells.
due to the inability of leading processes to extend to
the ventral midline. We conclude that, in these mutants,
leading processes extend only as far as the ventrolateralthe DRN (Figure 8F), in the lateral bundle, which courses
surface of the hindbrain and that pontine cell bodiesaround the root of the trigeminal ganglion (Figure 8G)
translocate through the most distal extent of these pro-and around to the ventral surface (Figure 8H). Dcc ap-
cesses, where migration stalls and cells aggregate intopears to be downregulated during migration, since tran-
ectopic clusters.script levels decrease as cells migrate along the ventral
surface and are not detectable in the developing basilar
Discussionpons (Figure 8H). The distribution of DCC protein (Fig-
ures 8I, 8J, and 8K) is strikingly similar to the pattern of
Our studies demonstrate that a diffusible activity re-TAG-1 expression in the rat; one distinguishing feature is
leased from the floor plate plays a role in guiding pontinethat mossy fibers express TAG-1 but not DCC (compare
cells to their mature location adjacent to the ventralFigures 2G and 2I with Figures 8J and 8K). DCC protein
midline. We show that these cells extend a long leadingis localized in the DRN, the fascicle that courses around
process of more than 1 mm in length that does notthe root of the trigeminal ganglion and along the ventral
express a number of common axonal and glial markerssurface; DCC1 leading processes become increasingly
and that mediates partly or entirely their chemoattrac-less fasciculated as they approach and course over the
tant response. We also identified netrin-1 as the mole-forming basilar pons (Figure 8K). DCC expression on
cule underlying the floor plate guidance activity andleading processes is strongest early in the migration
DCC as the receptor mediating the response. To date,program and is downregulated as pontine cell migration
all of the studies implicating netrin-1 in cell migrationends (data not shown). Together, these results show
(in contrast to axon guidance) have shown a misposi-that migrating pontine cells express Dcc mRNA and that
tioning or absence of migratory cells (Serafini et al.,DCC protein is present on the leading processes, which
1996; Fazeli et al., 1997; Bloch-Gallego et al., 1999)extend toward a domain of netrin-1 at the ventral midline
based on loss-of-function analyses and have not dem-(Figure 9).
onstrated that the lack of the guidance molecule is di-Other netrin-1 receptors identified thus far, including
rectly responsible for aberrant migration. In these mu-neogenin, presumed to mediate attractive responses
tant animals, the observed phenotype could have(like DCC), and members of the UNC-5 family of recep-
resulted secondarily, from effects on other cell popula-tors, Unc5h1, Unc5h2, and Unc5h3, implicated in medi-
tions on which the migrating cells depend. Our in vitroating repulsive responses to netrin-1 in vertebrates
experiments and expression studies of netrin-1 and Dcc,(Przyborski et al., 1998; Hong et al., 1999), are not ex-
together with our in vivo loss-of-function data, providepressed in migrating basilar pontine cells (data not
direct evidence that the same mechanism guiding axo-shown).
nal outgrowth can also determine the directionality of
neuronal cell migration in the vertebrate brain.Fate of Pontine Cells in netrin-1
and Dcc Mutant Mice
To determine the fate of pontine cells in the absence of Netrin-1 Guides Migrating Pontine Neurons
by Attracting Their Leading Processesnetrin-1 and Dcc, we used TAG-1 and Pax6, a paired-
type homeodomain transcription factor, as independent The evolutionarily conserved role of netrin-1 as an axo-
nal chemoattractant or chemorepellent has been widelymarkers for the migrating cells (Pax6; Engelkamp et al.,
1999). In netrin2/2 mice, along with their wild-type lit- documented (reviewed by Tessier-Lavigne and Good-
man, 1996). We provide evidence that netrin-1 also hastermates, TAG-1 immunostaining can be observed in
the DRN (Figures 10A and 10B) and, laterally, in the a direct role in guiding neuronal cell migration in the
developing mammalian brain, as suggested by descrip-ms (Figures 10A9 and 10B9). Ventrally, TAG-11 leading
processes in wild-type mice (Figure 10A99) fan out into tive studies in netrin-1 and Dcc knockout mice (Serafini
et al., 1996; Fazeli et al., 1997; Bloch-Gallego et al.,the nascent basilar pons adjacent to the ventral midline,
but those in netrin-12/2 mice do not reach the ventral 1999). During their period of migration, pontine cells
express DCC protein on their leading processes as theymidline (Figure 10B99). Instead, the processes splay out
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Figure 8. netrin-1 Is Expressed at the Hindbrain Midline, and Migrating Pontine Cells Express Dcc
Cells of the basilar pons aggregate at the midline in wild-type animals (A) but are missing in netrin-12/2 (B) and Dcc2/2 (C) mice. Whole-mount
specimens show netrin-1 expression in cells localized to the floor of the fourth ventricle, with the heaviest expression in the floor plate,
adjacent to the midline (E14 mouse shown, [D]). Transverse section at the level of the pontine flexure (pf; [D]) shows alkaline-phosphatase
reaction product in processes that extend toward the pial surface at the ventral midline (E). Dcc transcript is localized in the DRN (E18 rat,
[F]) and in the ms, laterally (G). On the ventral surface, Dcc expression in the ms decreases, and only scattered cells are labeled; no Dcc
mRNA is detectable in the developing basilar pons, adjacent to the midline (arrow, [H]). DCC protein is localized in the DRN (E18 rat shown,
[I]), the fasciculated bundle of processes within the ms as they course around the lateral hindbrain (J) and along the ventral surface, where
they fan out into the forming basilar pons (K). Scale bar, 500 mm (A±C); 300 mm (D and E); 400 mm (F±K).
course within the migratory steam toward a netrin- that netrin-1 acts directly on cell body translocation,
since cell body translocation is not prevented and still1-expressing domain at the ventral midline. Since these
processes express this netrin receptor, and similar mi- occurs within leading processes directed away from
netrin-1 sources. Cell body translocation may be angratory defects are observed in both netrin-1 and Dcc
knockout mice, DCC is implicated in mediating this re- intrinsically controlled event that directly follows pro-
cess extension. However, since we do not currently havesponse.
Our culture data demonstrate that netrin-1 secreted the means to dissociate leading process extension and
cell body translocation, we cannot rule out the possibilityfrom the floor plate and 293 cells direct the migration
of cells from DRN explants. The directed migration to- that netrin-1 also has a direct effect on cell body translo-
cation.ward the floor plate is abolished in the presence of
netrin-1-blocking antibodies in vitro, indicating that di- The importance of the leading processes in directing
pontine cell migration is also underscored by our inrected cell migration from DRN explants is specific to
the effects of netrin-1. The precise role of netrin-1 on vivo observations in Dcc and netrin-1 knockout mice.
In these animals, leading processes are still able to ex-pontine cell migration is a chemoattractant effect on
their leading processes. Addition of netrin-1-blocking tend to the ventrolateral border of the hindbrain, indicat-
ing the existence of other cues that are sufficient for theantibodies in vitro slows leading process extension as
well as cell body movement; however, it seems unlikely initial part of their migration (see below). Importantly,
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Figure 9. Summary Schematics of Molecules Involved in Directing Pontine Cell Migration
Dcc is expressed in the DRN, where pontine cells are generated (A and C); DCC is present on pontine cells and leading processes as they
exit the DRN, migrate laterally around the hindbrain, along the ventral surface, and extend into the forming basilar pons (A±C) toward a domain
of netrin-1 protein near the ventral midline (C).
pontine neuron cell bodies are able to translocate to the axons are also involved in cell migration. One example,
which our results complement in several importantpoint where the leading processes stall, consistent with
the hypothesis that leading processes function to guide ways, is provided by studies in C. elegans in which
the netrin UNC-6 has been implicated in directing themovement of the cell body in vivo.
migration of mesodermal cells, in addition to migrating
axons. The evidence that UNC-6 functions directly inRelationship of Guidance Cues Involved in Cell
Migration and Axonal Migration repelling some migrating cells away from the ventral
midline is compelling since (1) certain alleles of unc-6Cell migration is a ubiquitous event that occurs in all
multicellular organisms to different extents and at differ- affect cell migration but not axon extension (Hedgecock
et al., 1990), indicating that defects in mesodermal mi-ent stages in their lifetime. Cell movements occur not
only during development but also during wound healing, gration are not secondary to defects in axon extension
and (2) mosaic analysis of the netrin receptor gene unc-5immune response, and tumor formation. The idea that
axon extension is a form of cell migration in which the shows that unc-5 function is required directly in the
migrating cells and not the environment (Leung-Hage-cell soma remains stationary was proposed many years
ago (reviewed by Singer and Kupfer, 1986) and has gar- steijn et al., 1992). When taken together with demonstra-
tions that unc-6 is expressed at the ventral midlinenered support from findings that molecules that guide
Figure 10. Leading Processes of Migrating Pontine Cells Fail to Reach the Ventral Midline in netrin-1 Mutant Mice
TAG-1 is expressed in the DRN (A and B) and ms (A, A9, B, and B9) of E16 netrin-11/1 and netrin-12/2 mice. TAG-1-immunostained leading
processes (lp) reach the ventral midline in 1/1 mice (white arrows, [A99]) but only reach the ventrolateral region of the hindbrain in 2/2 mice
(black arrows, [B99]). Black arrows mark corresponding points (A99 and B99). The mouse monoclonal TAG-1 antibody used stains fewer fiber
tracts in the mouse compared with rat (see Figure 2); the leading processes of migrating pontine cells are reliably stained in both. Scale bar,
500 mm.
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Figure 11. Ectopic Clusters of Pontine Cells in netrin-1 and Dcc Mutant Mice
Pax6 is expressed in wild-type DRN (E15 shown, [A]), in the ms as it courses from the dorsal surface (A) around the lateral (A9) and ventral
(A99) surfaces of the hindbrain and as these cells settle in the basilar pons (A99). netrin-12/2 mice resemble wild-type littermates in the dorsal
(B) and lateral (B9) aspects of the hindbrain, but ventrally pontine cells are located as small ectopic clusters (denoted as ªectopicº) at the
ventrolateral border (B99). Ventral hindbrain views of E17 Dcc1/1 and Dcc2/2 are shown; Pax6 is expressed in the ms as the cells course along
the ventral surface and enter the forming basilar pons (Dcc1/1, [C]). Dcc2/2 mice show no aggregation of pontine cells at the midline; ectopic
clusters are similarly seen at the ventrolateral border (denoted as ªectopicº, [D]). Pax6 is also expressed in the cerebellum (Cb) and superior
olive (SO). Arrowheads denote the midline (A99, B99, C, and D). Scale bar, 500 mm (A and B); 500 mm (A9 and B9); and 500 mm (A99, B99, C, and D).
(Wadsworth et al., 1996) and that UNC-5 proteins are Eph tyrosine kinase receptors and ephrins channel cells
into a migratory path; netrins and Slit proteins arenetrin binding proteins (Leonardo et al., 1997), these
results strongly support a model in which UNC-6 repels thought to guide by providing directional gradients.
these mesodermal cells by activating the UNC-5 recep-
tor in these cells. Nonetheless, these studies have left
Cellular Mechanisms Involved in Cellopen the question of whether UNC-6 is not just neces-
and Axon Migrationsary but is also sufficient to guide migrating cells. Our
Although the conservation of molecular mechanismsin vitro analysis provides a direct demonstration that
supports a relationship between cell and axonal migra-gradients of netrin protein are in fact sufficient to orient
tion, the relationship between these two processes atmigrating cells. Furthermore, the effect of UNC-6 on meso-
a cell biological level has been less clear. Our resultsdermal cell migration is a repulsive activity, whereas we
reinforce recent hints that the cellular mechanisms in-show here that a netrin can function as an attractant for
volved in cell and axonal migration in the embryo arethe migration of neurons.
closely related, as well.Another precedent for an axon guidance molecule
One of the most extensively studied forms of neuronaldirecting cell migration is provided by studies of the
migration is the radial migration of neurons in the cere-Drosophila Slit protein. Slit proteins in Drosophila and
bellum (reviewed by Hatten and Mason, 1990), whichvertebrates have a conserved role in axonal repulsion
involves (1) extension of a short leading process, (2)(reviewed by Van Vactor and Flanagan, 1999). In addi-
translocation of the cell soma through the leading pro-tion, however, loss-of-function studies have clearly im-
cess and formation of a trailing process, and (3) retrac-plicated Drosophila Slit as part of a guidance mecha-
tion of the trailing process. Basilar pontine cells havenism involved in repelling mesodermal cells away from
also been proposed to migrate in discrete phasesthe midline (Kidd et al., 1999). While our paper was under
through the extension of a leading process, and theyreview, studies were published showining that Slit can
possess a complement of cytoplasmic organelles (Onoalso function directly in the repulsion of migrating neu-
and Kawamura, 1990) similar to those observed in mi-rons in vitro (Hu, 1999; Wu et al., 1999; Zhu et al., 1999).
grating cerebellar neurons (Rakic, 1971). The ultrastruc-Finally, Eph tyrosine kinase receptors and their ephrin
tural studies of Ono and Kawamura (1990) have shownligands, demonstrated to be axonal repellents, also have
that microtubules are present in pontine cell leadinga role in cell migration (reviewed by O'Leary and Wilkin-
processes; in agreement, we have found that these pro-son, 1999); for example, these receptor±ligand interac-
cesses contain tubulin (but not neuron-specific tubulin)tions inhibit or repel migrating neural crest cells and are
both in vitro and in vivo. These processes also containimportant for somite cell segregation and arch forma-
tion. One difference with netrins and Slit proteins is that actin and are disrupted at least partially in vitro by agents
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that destabilize actin (cytochalasin B) or microtubules the leading processes we have studied are not. Other
(nocodazole). long, thin cellular extensions have been documented
One striking feature of the pontine leading processes and appear to be used to direct the migration of primary
demonstrated here is that they are extremely long, a mesodermal cells in sea urchin (Miller et al., 1995).
feature that has not been previously described. These
leading processes express TAG-1 and DCC on their Contributions of Netrin-1 and Other Cues
surface as they extend from the DRN, around the hind- to Guidance In Vivo
brain and into the forming basilar pons. Based on the Since pontine cell migration is a protracted process that
length and expression of these two known axonal mark- occurs over several days, a possible scenario is that
ers, we suspected initially that they might be axons, early migrating cells responsive to netrin-1 pioneer the
especially since inferior olive neurons (Bourrat and So- pontine migratory pathway, and subsequent cells mi-
telo, 1988) and neurons of a brainstem auditory nucleus grate via alternate mechanisms, such as contact-medi-
(Book and Morest, 1990; Book et al., 1991) have been ated associations. Our data indicate that this is unlikely,
reported to migrate through a leading process that cor- since both netrin-1 expression in the midline region and
responds to the future axon. However, we show that DCC protein expression on leading processes of pontine
none of a large battery of generic markers for axons or cells are temporally correlated with the period of pontine
glia are expressed in pontine leading processes. This cell migration. In netrin-1- and Dcc-deficient mice, the
absence of generic marker expression does not reflect fate of pontine cells differs from the fate of commissural
an inability of these neurons to express such markers. axons, a few of which are able to navigate to the floor
Indeed, following extension of their leading processes plate (Serafini et al., 1996; Fazeli et al., 1997); we have
from the DRN to the ventral hindbrain and translocation not observed pontine cells or their leading processes
of the cell bodies through these processes to the forming to reach their normal location position adjacent to the
ipsilateral basilar pons, each of these neurons extends ventral midline. The fact that some commissural axons
a bona fide axon that expresses generic axonal markers, are able to reach the floor plate, while pontine cells
such as TuJ1 and NF200; these axons extend through cannot, may be due to differences in thresholds required
the contralateral mcp to later innervate the cerebellum. for axonal versus leading process guidance. One indica-
It is difficult to exclude that these leading processes tion of this comes from our in vitro studies, which show
might be a unique type of axon that does not express that the netrin-1 effect is observed even when DRN
any of these particular markers. Indeed, the similarity explants are cultured at distances ten times greater than
between the functions of axons and leading processes distances required to induce effects between netrin-1
suggests that it may be unwise to try to draw a sharp sources and dorsal spinal cord explants. Another expla-
distinction between the two and that it is perhaps best nation is that netrin-1 may function in two ways to (1)
to think of them as a continuum of neuronal cellular create a permissive environment through a region and
specializations, from short leading processes, to long (2) provide a directional cue. It is possible that for migrat-
leading processes, to axons. Long and short processes ing pontine cells, netrin-1 functions in both ways, such
have in common, however, that they will be reabsorbed
that it enables leading processes to grow through the
as the nucleus translocates. Furthermore, to the extent
ventral hindbrain and provides a directional cue for their
that leading processes and axons are guided by the
extension to the ventral midline; in contrast, commis-
same types of guidance mechanisms, it is expected that
sural axons may require netrin-1 only for directional in-they would express similar types of receptors and signal
formation.transduction molecules. Thus, the leading processes of
We have provided multiple lines of evidence implicat-pontine neurons express DCC on their surface as they
ing netrin-1 in directing pontine cell migration, but ne-extend from the DRN, around the hindbrain and into
trin-1 is unlikely to be the only cue guiding this migration,the forming basilar pons, consistent with their netrin
for several reasons. First, in netrin-1 and Dcc mutants,responsiveness; expression of DCC and netrin respon-
basilar pontine cells are still able to exit the DRN andsiveness are often correlated with coexpression of
extend processes around the lateral aspect of the hind-TAG-1 (discussed in Shirasaki et al., 1996), and this is
brain. Near the ventrolateral junction of the hindbrain,true of these leading processes, as well.
pontine leading processes stall, failing to navigate toThe extended nature and chemotactic behavior of the
the midline, and as a consequence cells normally des-leading processes of pontine neurons are also reminis-
tined for the pons translocate to the distal ends of lead-cent, at least superficially, of recently described cyto-
ing processes and form ectopic cell clusters ventrolater-nemes, which are long, thin cellular extensions that link
ally in the hindbrain. The finding that leading processescells in the Drosophila wing imaginal disc to a signaling
can reach a ventrolateral position implies that other cuescenter and show chemotactic responses to imaginal
must exist in the initial portion of their trajectory thatdisc signaling center cells and fibroblast growth factor
guide them and are not disturbed in these mutant mice;family molecules (Ramirez-Weber and Kornberg, 1999).
this parallels the finding in the spinal cord of netrin-1There are, however, differences between the two types
mutants, where the initial trajectory of commissural ax-of processes. Cytonemes are actin based and are not
ons is also largely normal (Serafini et al., 1996).disrupted by the microtubule-destabilizing drug noco-
Second, ectopic clusters of pontine cells in the mutantdazole (although it is not known whether they nonethe-
mice are observed in positions anterior to the point ofless contain microtubules). The leading processes we
their exit from the DRN, indicating that the absence ofhave studied are, however, at least partially sensitive
DCC or netrin-1 does not prevent movement along theto nocodazole. In addition, cytonemes are sensitive to
fixation (Ramirez-Weber and Kornberg, 1999), whereas anteroposterior axis. This observation is consistent with
Neuron
620
the movement of cells in unc-5, unc-6, and unc-40 mu- may therefore be better able to detect a chemoattractant
gradient than would a migrating cell body. This may betants in C. elegans, where anteroposterior movement is
not perturbed (Hedgecock et al., 1990; Ishii et al., 1992), important, since unlike migration in the immune system,
where it is of little consequence if some cells mismigrate,and in netrin-1 mutants, where inferior olive neurons
seem to navigate their rostrocaudal position reasonably in the developing nervous system it is essential for the
migration to be stereotyped and reproducible; thus, anyaccurately, unlike the large dorsoventral errors in posi-
tioning (Bloch-Gallego et al., 1999). These results, along mechanism that can assist in ensuring a robust guidance
response is likely to be favored. Second, pontine leadingwith our data, provide further support for the idea that
netrin-1 is involved in directing cell movement along the processes may assist in forming a coherent fascicle of
migrating cells and may help to maintain the spatial anddorsoventral but not the anteroposterior axis.
Third, as pontine cells migrate out of the DRN, they temporal organization of the complex neuroepithelial
environment; unfasciculated cell bodies might be moreare tightly fasciculated in a band, forming the pontine
ms, which courses laterally and anteroventrally subpially liable to wander from the ms.
around the circumference of the hindbrain and into the
Experimental Proceduresforming basilar pons. Other cues besides netrin-1, such
as cell adhesion molecules, which promote the fascicu-
Animals and Tissue Preparationlation of migrating pontine cells, or cues that keep them
Tissue from embryonic Sprague-Dawley rats was used for cocul-
restricted to the subpial region of the hindbrain (which tures, and tissue from embryonic and postnatal rats and wild-type,
could hypothetically be either attractive or repulsive), netrin-1, and Dcc mutant mice was used for immunohistochemistry
must be involved in the migratory pathway of these cells. and in situ hybridization studies. Animals were genotyped with PCR
(Serafini et al., 1996); mutant mice could also be identified basedNCAM has been reported to be expressed not only on
on the absence of the basilar pontine nuclei. Brain and spinal cordtangentially migrating LHRH cells (Schwanzel-Fukuda
were isolated and immersion fixed (4% paraformaldehyde) for wholeet al., 1992) and SVZ cells destined for the olfactory bulb
mounts. Tissue from animals perfused and fixed was isolated, cryo-
(Rousselot et al., 1995) but also on cells in the pontine protected in 30% sucrose, and sectioned (40±60 mm).
ms (Ono et al., 1992). Injection of NCAM antibodies dis-
rupts the migration of LHRH neurons in vivo (Schwanzel- Postmortem DiI Labeling of Migrating Pontine Cells
Fixed rat hindbrains injected with DiI (Godement et al., 1987) wereFukuda et al., 1994), and the olfactory bulb is smaller in
vibratome sectioned (100 mm) after several weeks to allow for tracerNCAM mutant mice (Cremer et al., 1994). A normal bas-
transport. Retrogradely labeled basilar pontine cells were visualizedilar pons in NCAM mutants may be due to redundant
via fluorescence microscopy (Nikon Microphot or MRC 1000 confo-expression of other molecules that mediate adhesion
cal microscope).
within the pontine ms.
While pontine cells in netrin-1- and Dcc-deficient mice Histochemistry and Immunohistochemistry
are able to migrate, the number of cells and processes The following antibodies were used: DCC (Oncogene); Tau-1,
MAP-2, GAP-43, vimentin (Boehringer Mannheim); NF200, b-tubulin,seems to be fewer, consistent with the reduced numbers
whole tubulin, S-100 (Sigma); SMI 311 (anti-neurofilament), SMI 81of commissural axons (Serafini et al., 1996) and olivary
(anti-SNAP-25 [anti-synaptosome-associated protein 25]; Stern-neurons (Bloch-Gallego et al., 1999) in netrin-1 mutants.
berger Monoclonals); TuJ1 (anti-class III b-tubulin [gift from A.
Mehlen et al. (1998) have proposed that DCC is a depen- Frankfurter]); 4D7 (TAG-1), RC2 (Developmental Studies Hybridoma
dence receptor, like the low-affinity neurotrophin recep- Bank); and GFAP (DAKO). Sections and whole mounts were pre-
tor, p75; their data show that in the absence of netrin-1, treated with 10% serum in in PBST (PBS, 1% Triton X-100) and 0.3%
H2O2 (30 min). Primary and secondary antibodies were incubatedDCC induces apoptosis in the cells that express it (at
overnight at 48C; postincubation washes were performed three timesleast in transfected cells). This model could in principle
(15 min, sections; 1 hr, whole mounts) in PBS. Diaminobenzidine wasexplain the reduction in number of commissural axons
used to visualize the appropriate peroxidase-conjugated secondary
and pontine cells in netrin-1 mutants. However, the fact antibody (Jackson). Thionin (0.5%) was used for Nissl staining.
that a similar reduction is observed in Dcc mutants is
at odds with that hypothesis and suggests instead that In Situ Hybridization
Whole-mount specimens were processed according to the protocolthe reductions in number are a secondary consequence
of Henrique and Ish-Horowicz (ICRF, Oxford, UK; Goulding et al.,of the mismigration rather than a direct effect of killing
1993). Riboprobes were generated for the following genes: Dccby DCC receptors.
(D-78), cytoplasmic domain (3786±4639 bp; Keino-Masu et al., 1996);
mouse netrin (2.7 kb; 39UTR); Pax6 (2 kb; Walther and Gruss, 1991);
Concluding Remarks rat neogenin (1117±1922 bp); Unc5h1 (0.8 kb); Unc5h2 (1.5 kb); and
Unc5h3 (1.6 kb).Why does a migrating pontine neuron extend a long
leading process that is guided, at least in part, by a
Three Dimensional Collagen Gel Cultureschemotactic mechanism and then translocate its cell
DRN, floor plate, and tectal tissue were dissected from E15±E18body? Why do pontine cell bodies not migrate directly?
rats. DRN explants were cultured alone and paired with target tissue
Clearly, chemotactic behavior of migrating cells without or 293-EBNA cells or with a second DRN explant and target tissue
extended processes is possible and well documented for tandem cocultures. A netrin-1-secreting 293-EBNA cell line or
the parental 293-EBNA cell line, for control (Shirasaki et al., 1996),in the immune system (see review, Baggiolini, 1998).
was grown to confluence under selective media, harvested, andWhile speculative, there seem to be at least two possible
embedded in 2% low-melting point agarose (SeaPlaque; FMC Bio-advantages to the strategy employed here. First, in che-
products) in L-15 (Sigma); the agarose was cut into cubes (600±900motaxis, cells usually respond to the gradient of chemo-
mm), reincubated for 1±3 days, and then cocultured with DRN ex-
attractant (rather than the absolute concentration) across plants in collagen gels. Cultures were maintained at 378C, 7.4% CO2
their diameter; a long leading process, by virtue of its in Dulbecco's modified Eagle's medium/F12 (ICN), 10% rat serum,
5% pen-strep for 48±72 hr and fixed. A subset of cultures wasextended nature, can sample a wider spatial domain and
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supplemented with netrin-1-blocking antibody (10 mg/ml) or preim- perikaryal translocation: role of cellular elongation and axonal out-
growth in the acoustic nuclei of the chick embryo medulla. J. Comp.mune serum (10±20 mg/ml); another set was supplemented with
nocodazole (10 mM) or cytochalasin B (5 mM) after 24±48 hr in culture Neurol. 297, 55±76.
and followed for 1.5±5 hr with time-lapse microscopy (described Book, K.J., Howard, R., and Morest, D.K. (1991). Direct observation
below). Other cultures were stained with bisbenzimide (1 mg/ml) or in vitro of how neuroblasts migrate: medulla and cochleovestibular
TRITC-phalloidin or were assayed for apoptosis (In Situ Cell Death ganglion of the chick embryo. Exp. Neurol. 111, 228±243.
Detection Kit; Boehringer Mannheim) according to the suggested Bourrat, F., and Sotelo, C. (1988). Migratory pathways and neuritic
protocol; all cultures were viewed and photographed with fluores- differentiation of inferior olivary neurons in the rat embryo. Axonal
cence or bright-field optics on a Nikon Microphot or Diaphot. tracing study using the in vitro slab technique. Dev. Brain Res. 39,
19±37.
Time-Lapse Microscopy Cremer, H., Lange, R., Christoph, A., Plomann, M., Vopper, G., Roes,
Cultures in a humidified chamber on a Nikon Diaphot inverted micro- J., Brown, R., Baldwin, S., Kraemer, P., Scheff, S., et al. (1994).
scope were imaged (7 min intervals; Hamamatsu charge-coupled Inactivation of the N-CAM gene in mice results in size reduction
device camera) for 8±10 hr, beginning 24 hr after cultures were of the olfactory bulb and deficits in spatial learning. Nature 367,
established (Metamorph). Cells in different focal planes within a 455±459.
given field were imaged by manually adjusting the focus during each
Culotti, J.G., and Merz, D.C. (1998). DCC and netrins. Curr. Opin.7 min interval. Images were collated to produce time-lapse movies
Cell Biol. 10, 609±613.of migrating cells, and the rates of cell body movement and process
Dani, J.W., Armstrong, D.M., and Benowitz, L.I. (1991). Mappingextension were assessed.
the development of the rat brain by GAP-43 immunocytochemistry.
Neuroscience 40, 277±287.
Scoring of Cell Migration and Quantitation of Leading Process
De Carlos, J.A., Lopez-Mascaraque, L., and Valverde, F. (1996).Orientation and Cell Migration
Dynamics of cell migration from the lateral ganglionic eminence inDRN explants were bisected, and the distribution of cell migration
the rat. J. Neurosci. 16, 6146±6156.from these explants was scored blind, as follows: (1) proximal bias
Dodd, J., Morton, S.B., Karagogeos, D., Yamamoto, M., and Jessell,(more cells between bisection line and target explant or 293 cells),
T.M. (1988). Spatial regulation of axonal glycoprotein expression on(2) no bias (radial/symmetric migration), or (3) distal bias (more cells
subsets of embryonic spinal neurons. Neuron 1, 105±116.on the side of the bisection line away from the target explant or 293
cells). x2 analyses were performed to assess statistical significance. Ebens, A., Brose, K., Leonardo, E.D., Hanson, M.G., Jr., Bladt, F.,
A region 400 3 450 mm on the distal or proximal side of a DRN Birchmeier, C., Barres, B.A., and Tessier-Lavigne, M. (1996). Hepato-
explant was scored throughout the depth of the collagen gel for cyte growth factor/scatter factor is an axonal chemoattractant and a
(1) orientation of leading process extension in DRN/FP cocultures neurotrophic factor for spinal motor neurons. Neuron 17, 1157±1172.
supplemented with preimmune serum or netrin-1-blocking antibody Engelkamp, D., Rashbass, P., Seawright, A., and van Heyningen,
and DRN cocultured with netrin-1 293 cells and control 293 cells V. (1999). Role of Pax6 in development of the cerebellar system.
and (2) number of migrating cells in tandem cocultures (proximal Development 126, 3585±3596.
side of far DRN and distal side of near DRN). T tests were performed
Essick, C.R. (1912). The development of the nuclei pontis and theto assess statistical significance.
nucleus arcuatus in man. Am. J. Anat. 13, 25±54.
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